Abstract
Introduction

1
In an effort to prevent fatigue and injury among pitchers, many baseball talent overseers 2 (e.g., managers, coaches, trainers, etc.) have suggested limiting the number of pitches that pitchers 3 are allowed to throw. For example, during the 2010 season the Washington Nationals put top-4 prospect rookie pitcher Stephen Strasburg on a 100-pitch-count limit per game and limited him to 5 160 total innings pitched for the year in an attempt to protect his future health and effectiveness [7] . 
21
Despite the recent growth in the popularity of using pitch-count limits to protect pitchers,
22
there has been scant study of the effectiveness of setting pitch limits to regulate effectiveness and 23 prevent injuries among major-league pitchers. While it is intuitive that limiting use ought to prevent 24 Draft (10/26/2010) fatigue that can dampen future performance and result in injury, it is also possible that heavier 1 pitching loads may enhance durability, which might improve stamina and performance.
2 Furthermore, simple counting may be too simple a metric to account for the differing stress levels 3 placed on pitchers given the unique nature of game situations faced. No matter the direction of the 4 effect, it is important to quantify the impact of pitchers' workloads to assess the usefulness of 5 popular objective benchmarks for protecting the health of pitchers.
6
Nearly all of the past analysis of pitches thrown on injuries has focused on adolescent 7 pitchers. Several studies [6, 8, 9, 12, 13] have found evidence that pitches thrown and overuse is 8 associated with injuries and pain, and limiting pitches thrown can reduce injuries among youth 9 pitchers. However, given the rapid development among this age cohort, the results may not 10 translate to adult major-league pitchers.
11
Escamilla et al [5] examined the change in pitching mechanics over the course of simulated 12 games using a sample of collegiate baseball pitches-a cohort with the maturity approaching major-13 league pitchers. The researchers found that the pitching mechanics of pitchers who threw between 14 105 and 135 pitches for seven to nine innings were -remarkably similar,‖ and the results did not 15 support the idea that shoulder and elbow forces and torques increased with muscular fatigue. Anz et 16 al [1] found that elbow and shoulder torque have been shown to be positively correlated with injury; 17 thus, pitches thrown, within the high end of the typical range of pitches thrown, were not correlated 18 with factors known to cause injuries among pitchers. and last innings of play in a game and identified kinematic and kinetic changes that were consistent 21 with fatigue; though, alternative explanations for the changes could not be ruled out. The study did 22 not examine pitches thrown as an explanatory factor, and it did not examine performance in games 23 that followed. Woolner and Jazayerli [16] (unpublished data) reported that pitching loads dampened 1 future pitching performances at an increasing rate among major-league pitchers.
2
Though the main subject of analysis in this study is pitch counts, we also estimated the 3 impact of rest days on performance. The empirical estimation procedure holds rest days constant 4 while estimating the impact of pitches thrown, and vice versa, in order to separate the impact of 5 each factor on the other. This control is necessary, because additional rest days may possibly 6 dampen the impact of past pitches thrown on performance. Potteiger et al [14] used markers of 7 skeletal muscle fiber damage to measure the recovery of baseball pitchers over three simulated 8 games with periods of four and two days of rest. After 72 hours, markers of muscle damage had 9 returned to baseline levels, and that pitchers pitched with slightly less velocity with two days of rest 10 compared to four days; however, the difference was not statistically significant.
11
To our knowledge, there have been no peer-reviewed studies of pitches thrown and days of 12 rest on the performance of major-league baseball pitchers. This is due largely to the fact that 13 previously such data was not widely available. Using newly available pitch-count data, we quantified 14 the impact of past pitches thrown and days of rest on future performance among major-league 15 baseball pitchers. We did not study injuries directly, because publicly available baseball injury data is 16 sparse. However, poor performance is often a consequence of a developing injury; therefore, we 17 examined performance data to examine hypothesized injury markers in the hope of identifying the 18 usefulness of these markers for preventing injuries. 
Methods
21
We used game-level performances of starting pitchers from 1988 through 2009 who had less than 15 Including pitchers with less than 15 rest days excludes inferior and recently-injured pitchers who 7 may perform poorly for reasons other than days of rests. Furthermore, the greater the distance 8 between starts, the less relevant past pitching loads ought to be to present performances. 
4
PT is the number of pitches thrown in the preceding game (g-1), the average number of 5 pitches thrown in the previous five games (g-5) , or the average number of pitches thrown in the 6 previous 10 games (g-10). The measures proxy the immediate and cumulative effects of pitches 7 thrown on performance, estimated in separate equations. DR is the number of rest days the pitcher 8 had before game g. Performance P in the year of analysis t is included to serve as a proxy to control 9 for the ability of the pitcher, which should positively impact performance. Age is the age of the 10 pitcher as of game day measured continuously in years, which is included to capture any effects of 11 durability due to aging. To further capture aging effects, separate estimations by age cohorts were Table 2 reports the regression results using the game, five games, and ten games preceding the For strikeouts, each pitch in the preceding game decreased a pitcher's strikeout rate by 8 0.0008. Each one-pitch increase in the five-and ten-game averages lowered the strikeout rate by 9 0.0011 and 0.0027, respectively. The estimates are linear, small, and only the ten-game average 10 approaches a standard level of statistical significance. At the average strikeout rate for the sample of 11 6.1 strikeouts per nine innings pitched, a one-pitch increase in the preceding game, five-game 12 average, and ten-game average lowered the strikeout rate by 0.13 percent, 0.18 percent, and 0.44 13 percent, respectively. 14 For home runs, a one-pitch increase in the preceding game was associated with a 0.0013 15 increase in home runs allowed (a one-percent change at the average). A one-pitch increase in the 16 five-game and ten-game averages raised the home run rate by 0.002 (1.6 percent, estimated in Table 7 , and the estimated function of pitches thrown and ERA in the following game is 7 presented graphically in Figure 4 . The estimates for the five-and ten-game averages of pitches 8 thrown were statistically significant at better than the one-percent level, while the p-value for the 9 previous game estimate was 0.097. The non-linear shape of the relationships for the five-and ten-10 game averages make the raw coefficients difficult to interpret, but the graphs demonstrate that the 11 impact over the range of pitches normally thrown in a game was positive. Similar to the estimates 12 reported in Table 2 and Figure 3 , the impact of pitches thrown in the previous ten games was 13 greater than the impact of the previous game; in contrast, the five-game impact was less than the pitches thrown and future ERA persisted, and the size of the effect continued to be small.
20
One interesting finding of the study is that despite using an empirical technique designed for 21 estimating subtle non-linearities in relationships, the estimated relationship between pitches thrown 22 and performance was virtually linear for overall performance, strikeouts, and home runs. Even in 23 cases were non-linear estimates were found, the curvature was small. Therefore, simple rules of 
Conclusion
11
This study quantified the impact of pitches thrown and days of rest on future performance using a performance. The longer the high-or low-pitch counts are maintained, the greater the dampening or improvement will be. Furthermore, marginal days of rest beyond the ordinary appear to have 1 little effect on performance.
2
It is our hope that future researchers will quantify the usefulness of pitch counts as a 3 predictor of performance and injury more precisely than we have identified here. Researchers 4 should draw upon the vast amounts of sports data that are becoming increasingly available to 5 researchers to examine factors relating to performance and injury. In addition, future studies that 6 examine the direct impact of pitching loads on injury are necessary. 
